Second harmonic generation of a 16-nm-thick ultrathin Pb 0.35 Sr 0.65 TiO 3 film and a 243-nm-thick Pb 0.35 Sr 0.65 TiO 3 film grown on ͑001͒ MgO substrates by pulsed laser deposition is investigated. It is concluded that in the ultrathin film the ferroelectric phase is still present and the diffuse phase transition is absent. In contrast, the thick film exhibits a pronounced diffuse phase transition. Theoretical analysis based on the polarization diagrams shows that the compensated c-domain fraction is dominant in both films whereas the nonlinear susceptibility of the ultrathin film has a different tensor property from the thick film. © 2007 American Institute of Physics. ͓DOI: 10.1063/1.2433023͔ Ferroelectric thin films have been considered to be very promising materials for a number of applications. These applications are usually related to their large nonlinear responses to the electromagnetic radiation from microwave to optical light. These effects include microwave tunability, electro-optic effect, nonlinear optical absorption and refraction, second harmonic generation ͑SHG͒, etc. Especially, SHG process has also been widely used as a highly sensitive probe to study the interfacial, surface, and thin film phenomena because the efficiency of SHG is highly dependent on the materials' structural symmetry.
Ferroelectric thin films have been considered to be very promising materials for a number of applications. These applications are usually related to their large nonlinear responses to the electromagnetic radiation from microwave to optical light. These effects include microwave tunability, electro-optic effect, nonlinear optical absorption and refraction, second harmonic generation ͑SHG͒, etc. Especially, SHG process has also been widely used as a highly sensitive probe to study the interfacial, surface, and thin film phenomena because the efficiency of SHG is highly dependent on the materials' structural symmetry. 1 For a typical perovskite ferroelectric material such as PbTiO 3 with a centrosymmetric cubic symmetry in the paraelectric state, the bulk contribution to SHG is absent in the electric-dipole approximation above the Curie temperature. Upon cooling PbTiO 3 undergoes a sharp structural phase transition to ferroelectric state by lowering its symmetry from centrosymmetric cubic to polar tetragonal. This symmetry breaking process produces a dramatic change in SHG efficiency.
Recently, ferroelectric Pb 0.35 Sr 0.65 TiO 3 ͑PST͒ thin films have been regarded as an important candidate for the room temperature tunable microwave devices such as microwave phase shifters because of its high dielectric constant and large tunability. [2] [3] [4] In this compound a partial substitution of Pb 2+ by Sr 2+ results in a pronounced diffuse phase transition observed in both ceramics and single-crystal specimens. 5, 6 The diffuse phase transition in ferroelectrics is characterized by a broadened phase transition in a wide temperature interval ͑so called Curie range͒ around the temperature ͑T m ͒ where the dielectric permittivity assumes its maximum value and shows the most remarkable relaxor features such as small dielectric hysteresis or dielectric anhysteresis within the transition range. It is the suppression or lack of the dielectric hysteresis that makes the relaxor compounds useful in the tunable microwave devices with precise tunability. Similar phenomena have been observed in some other ferroelectrics via dielectric measurements including ͑Ba, Sr͒TiO 3 , 7, 8 Ba͑Ti, Sn͒O 3 , 9 Pb͑Mg 1/3 Nb 2/3 ͒O 3 , 10 etc. Such thermally broadened phase transition has generally been attributed to the presence of the nanopolar clusters that may be detected by the method of SHG. In addition, the size effect in the ferroelectrics has currently attracted considerable experimental and theoretical attention and remains a challenging issue because the ferroelectricity is strongly influenced by the external effects such as composition, strain, and dislocation. [11] [12] [13] As a noncontact and highly sensitive technique, optical SHG is a more convenient probe of ferroelectricity because it avoids disturbing effects ͑such as "dead-layer" effects 14 ͒ from electrodes compared to the conventional dielectric measurements. In this letter, we present the first SHG measurements of the novel PST films. The domain structures and the nonlinear susceptibility were analyzed by measuring the polarization diagrams of SHG for both thick and ultrathin Pb 0.35 Sr 0.65 TiO 3 thin films. We have investigated the ferroelectricity for both thick and ultrathin stable ferroelectric phase and the absence of the diffuse phase transition in the ultrathin film, which is different from the phase transition behavior of the thick film. The epitaxial Pb 0.35 Sr 0.65 TiO 3 thin films were grown on ͑001͒ MgO substrates using pulsed laser ablation by a KrF excimer laser. Microstructure studies from the x-ray diffraction and electron microscopy indicate that the as-grown PST films have excellent single-crystal quality and good epitaxial behavior. 4 The thickness of the thicker film was measured to be 2428 Å by Metricon prism coupler whereas the thickness of the ultrathin film was estimated to be around 16 nm. The second harmonic ͑SH͒ radiation is generated by a modelocked Ti:sapphire laser with a pulse width about 300 fs and a high repetition rate of 82 MHz at the wavelength of 810 nm. This fundamental laser beam is focused onto the film mounted in a cryostat with a spot size of about 139 m in radius. This results in the incidence peak intensity of about 40 MW/ cm 2 at the sample position. The SH signal is measured in reflection configuration with a fixed incidence angle of 45°for all the SHG measurements. The incidence plane is perpendicular to the ͓100͔ direction of PST/MgO ͑Fig. 1͒. One long-pass filter ͑LF͒ and one bandpass interference filter ͑BF͒ are employed to pass the fundamental laser beam immediately before the sample and filter out SH radiation immediately after the sample, respectively. The SH radiation from the sample is then dispersed in a spectrometer and detected by a photomultiplier tube. Additional Glan polarizer ͑P͒ and half-wave plate ͑ /2͒ are mounted on the rotating stepper motors to adjust and analyze the polarization directions of the incidence laser beam and the generated SH radiation, respectively.
The polarization diagrams of SH intensities at the temperature of 78 K are shown in Fig. 2 . Some information about the nonlinear susceptibilities and the domain structures of the two films may be obtained by investigating the intensity of the SH radiation as a function of the incidence polarization angle ͑͒ of the fundamental beam ͑ = 90°and = 0°stand for p-and s-polarized fundamental beams, respectively͒. As shown in the polar plots, the measured SH intensities I ͑s,p͒ 2 ͑filled squares͒ of the p-and s-polarized SH ra- To investigate the ferroelectric phase transition, the total intensity of SH radiations was measured without Glan polarizer with a p-polarized fundamental beam for both films in a wide temperature range from 78 to 380 K. As shown in Fig.  3 , the intensity of the SH radiation from the ultrathin PST film ͑filled squares͒ exhibits a pronounced increase starting at the temperature around 290 K as the sample is cooled down, which is characteristic of the ferroelectric phase transition of PST from cubic to tetragonal. The temperature range of the ferroelectric phase transition observed by SHG is consistent with the dielectric measurement for a thick PST film where a broad dielectric peak was observed with its maximum around 280 K. This result clearly indicates that the stable ferroelectric phase can exist down to 16 nm. The stable ferroelectric phase was also observed in a similar material of 10-nm-thick PbZr 0.25 Ti 0.75 O 3 film epitaxially grown on the SrRuO 3 / BaTiO 3 / ZrO 2 / Si heterostructure substrate by another group. 18 Unlike the ultrathin film, the intensity of the SH radiation from the thick film exhibits ͑open squares͒ a continuous increase as the temperature goes down to 125 K. The phase transition point ͑T m ͒ cannot be well defined from the curve of SH intensity for thick film. The different phase transition behavior between the thick and ultrathin films is an indication of the distinct growth feature between the early stage and its further deposition. It is most likely that our films follow the Stranski-Krastanov growth mode due to the large mismatch ͑ϳ7%͒ between PST and MgO. Generally the earlier wetting layer plus small islands are highly strained and exhibit better homogeneity in both structure and chemistry, which reduces the feature of the diffuse phase transition in the ultrathin film and induces a sharper phase transition behavior. On the further deposition a columnar structure ͑as shown in transmission electron microscopy image of Ref. 4͒ will develop in the film with increased inhomogeneity and nonuniform distribution of Pb 2+ and Sr 2+ , which incurs the diffuse phase transition. This is not surprising since it is well known that PST, as a typical ferroelectric solid solution, will exhibit a certain chemical inhomogeneity of the random substitution of Pb 2+ by Sr 2+ indicated by the broadened dielectric peak even in the wellgrown crystal. 6 The temperature dependence of the thick film can be explained by the presence of polar clusters driven by random fields produced by the random substitution of Pb 2+ by Sr 2+ . 19 In summary, using the powerful method of SHG, the ferroelectric phase transition was investigated in the temperature range of 78-380 K for the 16-nm-thick ultrathin and 243-nm-thick Pb 0.35 Sr 0.65 TiO 3 films grown on ͑001͒ MgO substrates by pulsed laser deposition. It is concluded that the ferroelectric phase is still stable in the ultrathin film and the diffuse phase transition is absent, whereas the thick film exhibits a pronounced diffuse phase transition. Theoretical analyses on the polarization diagrams reveal that both films have the similar distributions of the compensated domains and the different ratios of the components of the nonlinear susceptibility. 
